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A SHORTINTRODUCTIONTO THE STATUSANDMOTIVATIONFOR

REVERSEDFIELD PIKE ANDCOMPACTTOROID RESZA.RCH

F1. DREICER

LOS AMOS NATIONALlAE!ORATORY

LOS ALAHOS, “WV MEXICOUSA

The ●chiwcmmt cf controlled thermonuclear reactions vill require

ignition at ● temperature well in ●xcess of 4 keV, of a deuterium-tr!.tium

plasm vhose confirmment parametar n~ Is larger than lCP4cm -Is.

Experiments dasigned to ●chiwo thcee conditions in the ●xisting JET

tokanak ●nd the Compact Ignition Tokamak (CIT), planned in the U.S., ●re

●xpectod to occur in the ●arly 1990s. In the intcrin, conti,wod magmtic

confinement resaarch is required to dovglop the many improvd faaturos

nocassary for practical utilization of fusion in commercially viabla

pover rer.ctors. For ●xample, important ●mg them improwmmts for many

confinomnt ●pproaches is a practical steady-~tate current drive method.

This vould avoid tho dolctorious ●ffocts of cyclical fatiguo brought on

by pulsed reactor operation. Improvml tcchniqu~s for impurity control,

mfutli~, and heating ●rs ●lso v~ry d~sirablo. In pur. fusion systems

thar~ is also a n~cd for morw ●fficimt utilisation of tho plasma

confine-ant magmts than has boon ●chiawd so far in tokamak systems.

Tho ●chiovmnl of ●n ●dquatc Ioval of 8fficimcy (i..., high ●noush

‘b9taw*), vhilo mintaini~ #ood confinemmt, stability against

disruptions, ●dequato staady-state current driw, tha n~cosssry heating
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and refueling capabilities, etc., is essential in the quest for practical

fusion systems.

Potential commercial fusion power systems ■ust be acceptable from a

safety ●nd ●nvironmental standpoint. They ■ust also promise to be

competitive with other sources of ●nergy (i.e., fossil, fission, ●tc.)

vhon considered from the standpoint of tht cost of electricity (COE) ●nd

the unit direct cost (UDC) in ($/kWe). (See Figs. 1 and 2.) Th@m costs

are ●ffected by ● host of factors including recirculating power, plant

●vailability, comtruction time, capital cost ● tc. , ●nd ●re, thus ,

Influmced by technological complexity. Horeover, it is important in the

r~alization of fusion pover to keep the ●ctual cost of fu910n Povar

dovolo~nt to ● ●ffordable level. This coat is diractly ralatad to tho

cost of ●ach development step.

In m ●ttonpt to meet th~s~ requirements, the c~ph~-i- of fumion

r~soarch in the United States has km novlng tovard smaller, lov,r-cost

Syate=a. T’bar@ is incrokmd intar~st in higher beta tokmmaks ●nd

Stallarators, ●nd in compact altormte concopte much ● the Rov@rsad

?iold Pi~ch (RFP) ●nd tha Compact Toroids (CTa) vhtch ●re, in part, t h~

subject of this courso ●nd its vorkshopa.

At this staga of ma.gnotic fusion dovolopmt it is not y,? possibl~

to choos~ tha magmtic confinement coric~pt vhich can Ultimtaly satisfy

tho requlrennta of com9rciali8ation. Vtwn the remaining requirad

nucl~ar technology and fusion mtarial dovalopmmts art consid~r~d, ●nd

th~ cnmplicatd interplay of ●ll factors involved in taken into ●c{-ount,

it becomes ●vidont that th~ continuod dovolopwnt of sov,ral difformt

ngmtic confinant apprtichos in ●ddition to tho tcdmnuk provlt!~s a

domirabl~ braadth to the fusion program. In juotifyimg RFP ●nd CT



-3-

research it is important to be aware of these basic programmatic

motivations.

Introduction to RFP and CT Physics

Tht RFP and Compact Toroids (i.e., Spherom.ak and Field Reversed

Configuration (FRC)) belong vith the toka-ak to the axisynmetric

confineaant class in vhirh toroidal plasma current is an ●ssential

feature of confine~nt. In ●ddition, the RFP and Sph@ronak, share vith

the tokamk, the basic utilization of ● toroidal magnc(ic figld.

Elowwer, RFP ●nd Spherom.ak confinement relies strongly on highly sheared

self-magnetic fialds (toroidal ●nd poloidal) produced by the plasma, ●nd,

in contrast to the tokamak, requires only ● aodarate ●eternally ●ppli~d

toroidal field (for the RPP) or none ● t ●ll (for the Sph@romak). The

PRC, ●n ●longated (mshcet”) toroidal Z-pinch, operates without ●ny

int~rnal or ●xt~rnal toroidal fi~ld. (S.. Fig. 3 for typical fiald

profilas for thos~ configurations. ) Fro~ th~se properties follovs an

important distinction vith r~actors conssqumc?s. Tho Compact Toroids

raquir~ no totoidal fiald coils, vhil~ tho RFP ●nd th- tokamak cannot

oporato vithout th~se. Consoquontly in tha CT configuration thor~ ●re no

mgnot coils or structured valla vhich havo to link or ●xtand through the

torus, and this owns tho possibility for th~so toroidal plasma

configurations to h translatd in space. (SOQ Fig. 4 for ● Possiblm vay

to conc~iva ● PRC raactor. ) This translational dcgroo of fraadom is not

●vailablo to the RFP or tokamak concopts. In th~so tha plasma is

constrained to a limitad voluma by toroidal fiald COii8. T’ho tok.amak

(ma Pig. 3) oparat9s ● t rclativoly small ●spect ratio, RT/rP, vith

strong toroidal magrmt coil fields, and ● nominal toroidal plasma current

limited hy tha Kruskal-!3hafranov stability condjtion (i.~., the condition

on th~ aafoty factor is ●pproxiutely q ~ 1 ). ‘i’hoso Iligh magnat fialds
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md large required Magnet currents and, to-date, relatively low predicted

and observed plasma beta make it very difficult to conceive of a tokamak

reactor that could operate with resistiv~ magnet Coilsc The power

consumption in resistive coils operating at high fields would be large,

and s~~perconducting coils are, therefore, required to avoid unacceptably

lmrge recirculating powers in the tokanak reactor. The thick shielding

(-2m), required to protect the superconducting coils iron thermal flux

and radiation damage, adds to the size of the cmponents which surround

the plasma chamber. The radial ●xtent of these components, consisting of

firfit wall, blanket, shielding, and magnets, ●ust be about equal to the

rmdius of the plasma chamber. Cons@quontly ●n ●pprecinblo thickmss of

shlolding leads to an increase in the size ●nd mass of the entire fusion

pov~r core (FPC). (See Figs. 1 and 2 for ● description of the FPC and

other fusion plant components. )

Magnet requirements ●re graatly reduced vhon piama self-magnetic

fieldd ● re responsible for ●uch of the confin~ment, ●s is the case for

the RFP end the Cr ●pproaches. Projected raactors for such .{*stems cm

use kcsistivci magnets ●nd require much lass shielding. The size ●nd mass

of tha fusion power core (FPC) of such reactor syrntems is ●xpected to M

10-20 times malltir, ●nd to M similar in size and mass to the comparable

fission povmr cor~ in ● present-day pressurized vmtor reactor (PVR).

l%eaa more cenpact fusion aystaaa tharefor~ have the potontial of meeting

the goal of ● mass pov~r donrnity (MPD) for the fusion powor core in the

range of 100-200 kUe/tonn@. (Se. Fig. 5 for tho ~rcont~c of total

direct coat (TDC) requir~d by thti WC and the r~actor plant equipment

(RPB) for ● PVR and var!ous conceptual fusion reactor d~signs. ) The naed

and prospects for improwd fusion reactor~ ●nd the fusion reactor

ccmcopts introduced hero ●re dealt vith in ●uch more detail ●lsowh-re.l ‘z



-5-

The unique physics properties of the RFP and Spheromak are

stabilization by high ❑agnetic shear and maintenance of a ❑inimum ●nergy

state plasma–magnetic field configuration’ by a self-relaxation or dynamo

process. This minimum energy state for the RFP is characterized by a

toroidal ■agnetic field that ■aximizes in the plasma core, but reverses

its direction near the edge of the plasma. For a given toroidal magnetic

flux contained within a flux conserving boundary, this reversal takes

place in a pinch for a sufficiently large value of the toroidal curren’.

(The Spheromak is the special case for which the toroidal field vanishes

at the plssma ●dge vithout reversing. ) Taylor] discovered this state by

●inimizing the ●nergy subject to the constraint of constant helicity, K,

for the entire system. Helicity, defined by the volume integral

where A ●nd ~ ●re the vector potantial and magnetic fi,ld, measures the

linkage of differant ~etic fields, Q.g., toroidal and pol~idal fields

in tho RFP ●nd Spheromak. Thh conc~pt of helicity, including its

inj~ction ●nd decay, is developed ●nd ●xamined in several papers in these

proc~edings.

High magnetic shear and VS1l stabilization parmit st~blti, 10V q,

rolativoly high beta operation for tho RFP and Spherowk configurations.

Reports from mst of the lsbratories involvti in them ●xperiments ● re

includ~d in th~se proceedl~s. A centrml f~ature of thas, reports is the

observed maintenance of ● near ●inimum ●ergy configuration by r~laxation

prococaos despit~ raistiw dlffusio~ ●nd ohm!c homting. Relaxation is

nov hlieved to occur vhen vmrious \hree-Limsnmional HED ■odes ●nd

fluctuations intermct with ●ach other. This activity originat~s at tho
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rational surfaces where magnetic field lines, after (m,n) rotations about

the ❑inor and ❑ajor toroidal axes, close on themselves. For the low q

values in the RFP and Spheromak plasma cores (q(r) <1/(2R#rp)) there are

many rational surfaces where such HHD activity and also magnetic islands

can develop. A great deal of RFP research, some of which is reported in

these proceedings, is now concerned with the relationship of this H13D

activity and the ❑agnetic island structure on relaxation and transport.

Studies are also under way to ●valuate a steady-state current drive

technique which utilizes plasma nonlinearities associated with the

minimum ●nergy RFP configuration to rectify AC ❑ovulation imposed on the

toroidal and poloidal field circuits.4

With no known limit to plasma current due to stability requirements,

the RFP has the potential for ohmic heating to ignition. If this could

b. realized it would avoid the need for complex and costly auxiliary

haating systems. The realization of this advantage and the advantage of

compactness, described ●arlier, depends in large part on the ability to

●chieve adequate RFP confinement while ●aintaining an adaquat~ beta ● t

wch higher toroidal curr@nts. TWOnew devic~s und~r construction in the

EC ●nd USA, RFX ●nd CPRF/ZTH, are dosign~d to study these issues at ■uch

largar currmta than have bcon ●chiovod in ●xisting devices. Thoao nev

davicos ● ra ●lso dascribcd in thasa procasdings. The locationm ●nd major

faaturos of tha ●xiating ●nd larg, RFP .xp@ri-ntal dcvicos under

construction in th, Buropaan Community, Japan, ●nd tho United States ●rc

shown in Figs. 6 snd 7.

Tho concgpt of halicity, its rnto of docsy ●nd rat. of injection,

has hm ●specially useful in describing tha formation ●nd sustainment of

Sphoromakm. (*o Pig. 8 which illustrates schematically tho “recipa” for

forming tho Spharomak. ) In th~ cas, of th, magn~tisad coaxial plasma sun
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(i.e., coaxial source) a steady state method for injecting helicity

(i.e., plasma and linked poloidal and toroidal flux) has been

demonstrated by ❑aintaining voltage on the gun electrodes. This

injection system involves direct contact of plasma with electrodes, and,

there~ore, impurity influx could be a major concern for any reactor

embodiment based on this concept. Hovever, the similarities between such

an injection system and the magnetic diverter systems in use on tokamaks

deserve to be studied. In any case, the use of DC voltage for steady

state sustainment is tech,~ically so simple that ❑uch more research and

development of this possibility is justified.

An inductive method for forming the Spheromak has also been placed

into successful operation. For it a steady state current drive approach

analogous to the one described for the RFP is potentially available.

Spheromak research carried out vith both the coaxial gun and inductive

formation approaches are described in these proceedings.

As ●xperience with the helicity concept has developed further, the

decay of helicity in the edge of the Spheromak and the RFP has been

investigated and recently proposed as a useful vay to characterize the

behavior of th~se systems.

Sphoromak rasaarch is carriad out at the Universities of Osaka and

Tokyo in Japan, at Los Alamos, Princeton University, and University of

Maryland in the U.S. and ●t tho University of Manchester 1ST in Great

Britain.

Fi@ld Ravornad Configuration (FRC) research deals vith a prolate

shaped toroidal plasma vhich is confined solely by poloidal closed and

opan fi~ld linss. In contrast, Spheromsks, to be HHD stable must be

oblatc in shapa. (SeQ Fig. 9.) It is possibl~ to reach the highest

betas (i.a,, ~ ■ 1) vith tho prolate FRC configuration, because it
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operates without toroidal magnetic field All of the plasma pressure can

be supported by the poloidal field surrounding the plasma. Existing FRC

experiments, described in these proceedings, routinely produce plasmas

that have diameters 10-20 cm, length c 100 cm, 1 x 1021m-3$ ne ~

5 x 1021m-3? average P = 1, 0.1 ~ Ti < 0.6 keV, 0.1 < Te < 0.2 keV, and

7E < 100VS. Such plasmas can be formed using the field-reversed theta

pinch technique and can be translated into and along a nearly uniform

magnetic guide field without loss of plasma energy. During their

subsequent motion over distances that are large compared to their length

the FRCS maintain their integrity with no loss in their confinement.

The motivation for FRC research is the possibility of producing a @

- 1 ‘cylinder of plasma” that can be translated along a uniform magnetic

field. As iridicated in Fig. 4, formation, heating to ignition, burn, and

fuel exhaust could be carried out in separated regions of space. In many

ways this would be the ideal magnetic fusion reactor, It might be

capable of very large fusion power density and very large neutron wall

loads, and might utilize these extreme burn conditions with technically

simple blankets? possibly consisting of movable rods or even circulating

liquid metal “curtains.” Moreovert it might be possible to utilize this

system with the higher temperatures required to burn advanced fuels,

since the strong diamagnetism associated with P - 1 would greatly reduce

synchrotrons radiation.

The assessment of the FRC as a practical canfigurat.ioa for fusion

power applications requires a sustained international research effort

that develops improved formation, investigates stability and transport

prop~rties, and demonstrates effective heating techniques. The

unexpected MD stability observed for the FRC plasma against the m = O

‘sausageW and ❑ = 1 ‘kink” (also known as the internal “tilt”) is now
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thought to be explainable in terms of its favorable pressure profile

(i.e., it satisfies the Kadomtsev condition for m = O stability) and in

terms of stabilization by ion kinetic effects for the internal tilt mode.

Control of the n = 2 rotational mode, first demonstrated in Japan with

the help of externally applied multipole fields has been verified by

other FRC experimenters. The internal tilt mode, however, remains a

serious threat to the utilization of the FRC for fusion purposes. As

experiments advance towards more reactor-relevant plasma conditions, the

average number of ion gyro radii contained in the cross-section of the

FRC plasma, S, will increase and stabilization due to ion kinetic effects

is expected to become less important. Recent FRC instability

computations, described in these proceedings, which include ion kinetic

●ffects have been carried out as a function of S. These indicate that

the growth rate for the internal tilt mode is expected to increase with

increasing S. This is a very important prediction, because the internal

tilt instability is expected to result in field line tearing that

reconnects closed poloidal field lines to open poloidal field lines and

thus spoils confinement. (See Fig. 10.) If the predictions are borne out

by experimental observation it will become essential to find a method of

stabilization for the tilt mode. New experimental FRC dwices now under

construction in the USA are designed to investigate the impo:tant issues

of stability, transport and heating.
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Panel X High Power Density Options.
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FIGURECAPTIONS

Fig. 1. Essential elements of a fusion power plant showing main
economic, safety and environment (SS), and product
input/output aspects.

Fig. 2. Essential elements determining the cost of a fusion power
plant, the cost of electricity, as well as the major
components of the Reactor Plant ~qulpment (RPE, Accou?lt
22.) and the Balance of Plant (BOP).

Fig. 3. Family of toroidal fusion concepts showins toroidal, B+,
and pol-id~l fields, Be) along with the relative aspect
ratios, RT/rp.

Fig. 4, Schematic of possible FRC reactor approach.

Fig. 5. Percentage of totai direct cost required by the RPE and
FPC for a range of recent conceptual fusion reactor
designs.

CSR = Compact Spheroma!c reactor
CPRF = Compact RFP reactor
ATR/ST = Advaficed !i’okamak reactor based on

Spherical Torus
MARS = Mirror Advunced reactor
STARFIRE = Tokamak reactor (recent)
UWAK = Tokamak reactor (earlier)

Fig. 6. Location and features of RFP experimental devices.

Fig. 7. Location and features ~f RFP experimental devices.

Fig. 8, Flux behavior in Spheromak formation.

Fig. 9. Schematic of oblate S~heromak and prolate FRC.

Fig. 10. Evolution of the internal tilt node in the absence of ion
kinetic stabilization. Prc?sented by D. C. Barnes,
R, Bishop, D. D. Schnack, and R. Hilroy at the Sherwood
Thaory Conference, April 6-3$ 1987, San Diego, CA.



FUSION POWER PLANT
A

BALANCE OF PLANT II
1

CAPITAL

FUEL

RESOURCE

0 I /
0 0/

~o
1,

0 *,’
0 +, WASTE

0 . HEAT
4 ,*

\,

RWX$R QELECTRICITY
● PROCESS HEAT

EQUIPMENT cFISSILE FUEL
}

Oti,, <

FUSION
POI:R;R

S&E
*O-
0 /

FIG, 1.



FIG. 2.



s

●I-.2%8,.
-?O n, r,

---

nPP/otlTR

b
I i

●WRAM COIL FIELDS

! 0,
I

@g ● a~.o,

1, I ● 8TnON0 14
1

I I T w *

I

.*DETA

I -?, r,

I I
I I

I I
FIRLD-n8VCn~tD

I TH,TA ●wiCH I
I I
I I I
I I
It I
I -
I :
I I
L

8w~AGf TOBOIDQ .
------- ---0

FIG. 3.



●

✎

✎

WTwJwt WCUCM
W4MKn

FIG. 4.



.

olo20m40MG070M

PERCENTAGE TOTAL
OIRECT

FIG. 5.

COST



PRESENT RFP DEVICES

t-

R81m e#@=O.lm

BEdfII I

TPE-1 R(M)I

HBTX-IA
HBTX-l B I

2T-40M I

OHTE I

S7P=3M I

MULTI- I
PINCH

ZT-P I

o
0

0

o
c)./83

FIG. 60

I,(MA)

0.ss

0.1s

0.30
0.44

O*44

O*51

O*2O IPp L:::NOYA
(0.35)

0.21 U“iii

0.04 L4A4:L
(0.18)

YEAR

lo7s-

1o80-
108s

1881.85
l@8s-

1081-

1s81.

1084.

1084=86

1984-



~’mo”’m
I,(MA)

REPUTE-I I
Q
: \
t ..22

f ● a
(0.40)

HIT-1 I o 0.10

IIEVERSA-I o
TRON 0.0$

CNQRFP I
u

STE=RFP I o (~oLomMHRLIOTRON) 0,02

‘fPE= I o a.lo#

1R(M)15 (0.ss)

MST 1 0
(0.as)

LOCATION

u. NmJM#MA

U* CygtAoo

CTL
JAPAN

(4.00)

FIG, 7,

YEAR

1984.

1004.

1004.

19@4.

1084.

(1 OD7. )

(19s8.)

(100s.)

(19,0.)



RELAXATION .

0—

liEIJC@?Y & FLUX ~ SPHEROMAK
CONSERVER

FIG. 8.



cP.(QI-“’c)(3.

I

FIG. 9,



.

t (psec)

o

10 =

20 —

FIG . 10.


